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A recent outbreak ofa severepulmonary disease
in the southwestern United States was etiologi-
cally linked to a previously unrecognized hanta-
virus. The virus has been isolatedfrom its major
reservoir, the deer mouse, Peromyscus manicu-
latus, and recently named Sin Nombre virus. Clini-
cally, the disease has become known as the han-
tavirus pulmonary syndrome (HPS). Since May
1993, 44fatal cases ofHPS have been identified
through clinicopathological review and immuno-
histochemical (IHC) testing of tissues from 273
patients who died ofan unexplained noncardio-
genic pulmonary edema. In 158 casesfor which
suitable specimens were available, serological
testing and/or reverse transcription-polymerase
chain reaction (RT-PCR) amplification of ex-
tracted RNA was also performed. IHC, serologi-
cal, andPCR results were concordantfor virtualy
allHPS and non-HPSpatients when more than one
assay was performed. The prodromal ilness of
HPS is similar to that of many other viral dis-
eases. Consistent hematologicalfeatures include
thrombocytopenia, hemoconcentration, neutro-
philic leukocytosis with a left shift, and reactive
lymphocytes. Pulmonary histopathological fea-
tures were similar in most ofthefatalHPS cases
(40/44) and consisted ofan interstitialpneumo-
nitis with a variable mononuclear cel infiltrate,
edema, and focal hyaline membranes. In four

cases, however, pulmonaryfeatures were signifi-
cantly different and included diffuse alveolar
damage and variable degrees ofsevere air space
disorganization. IHC analysis showed wide-
spread presence of hantaviral antigens in endo-
thelial ceUs ofthe microvasculature, particularly
in the lung. Hantaviral antigens were also ob-
served within follicular dendritic cells, macro-
phages, and lymphocytes. Hantaviral inclusions
were observed in endothelial cells oflungs by thin-
section electron microscopy, and their identity
was verified by immunogold labeling. Virus-like
particles were seen inpulmonary endothelial cells
and macrophages. HPS is a newly recognized, of-
tenfatal disease, with a spectrum ofmicroscopic
morphological changes, which may be an impor-
tant cause ofsevere andfatal iUnesspresenting as
adult respiratory distress syndrome. (Am J
Pathol 1995, 146:552-579)

In May 1993, the deaths of several previously healthy
individuals from a rapidly progressive illness were re-
ported by health care workers in the southwestern
United States.1 The patients developed an influenza-
like illness followed by a rapidly progressive pulmo-
nary edema, respiratory insufficiency, and shock. Re-
sults of initial intensive and broad-based laboratory
testing of patient specimens for bacterial, viral, and
toxicological agents were negative. Patient speci-
mens were forwarded to the Centers for Disease Con-
trol and Prevention (CDC) for further studies. Using
immunoassays, Ksiazek and co-workers2 detected
cross-reactive antibodies to known hantaviral anti-
gens in the serum of the patients, suggesting a pre-
viously unrecognized hantavirus as the cause of the
disease. This observation was quickly confirmed by
the demonstration of hantaviral antigens and nucleic
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acid sequences in autopsy tissues by using immu-
nohistochemical (IHC) and polymerase chain reac-

tion (PCR) techniques.3 6 The causative agent was

recently isolated at CDC from a deer mouse, Pero-
myscus maniculatus, the natural reservoir and vector
of this zoonotic virus, and has been subsequently
named Sin Nombre virus (SNV).7'8

Hantaviruses include a group of closely related,
trisegmented, negative-sense RNA viruses of the
family Bunyaviridae.9-1 1 Several distinct serotypes of
these viruses are distributed throughout the world,
each associated with a different primary rodent res-

ervoir. 12,13 Hantaviruses are transmitted to humans
by direct contact with or inhalation of aerosolized ro-

dent excrement. All hantavirus-associated illnesses
known prior to the outbreak of HPS share various de-
grees of fever and renal involvement, with or without
hemorrhagic manifestations, and are referred to col-
lectively as hemorrhagic fever with renal syndrome
(HFRS).14 The pronounced pulmonary involvement,
which is a hallmark of HPS, has not been a prominent
feature of HFRS.15 Hantaan (HTN) virus causes the
most severe and often fatal form of HFRS, formerly
known as Korean hemorrhagic fever in Korea and epi-
demic hemorrhagic fever in Japan and China. Seoul
(SEO) virus, which is distributed worldwide, causes a

less severe form of the disease and has been diag-
nosed most frequently in Asia. Puumala (PUU) virus
is the agent responsible for the mildest form of HFRS,
namely nephropathia epidemica, in Scandinavia and
Western Europe. Prospect Hill (PH) virus is indig-
enous to the United States, but has not been asso-

ciated with human disease.
In this report we describe 1) the laboratory inves-

tigation that led to the identification of the virus in au-

topsy tissues, 2) the clinicopathological findings as

well as the IHC distribution of SNV antigens in tissues
of HPS patients, and 3) some of the unusual aspects
of the pathology and pathophysiology of this viral in-
fection.

Materials and Methods

Patient Tissues

Tissues from 273 patients with unexplained noncar-

diogenic pulmonary edema were submitted to CDC
for pathological and immunopathological evaluation
of hantavirus infection. Tissues were received either
fixed in formalin or embedded in paraffin. In a limited
number of cases, frozen tissues and glutaraldehyde-
fixed specimens were also available for immunohis-
tological and electron microscopic (EM) studies. Se-
rum, plasma, and/or frozen tissues were available for

microbiological, serological, and PCR testing in 158
cases. In all cases, routine hematoxylin and eosin
(H&E) sections and autopsy reports were reviewed.
Gomori methenamine silver, Brown and Brenn, acid
fast, periodic acid Schiff, and Giemsa stains were per-
formed and evaluated for the first 15 cases and se-
lected cases thereafter.

Cell Lines

Controls for light-microscopic IHC studies were gen-
erated from formalin-fixed and paraffin-embedded
pellets of minced normal human tissues mixed with
either noninfected Vero E6 (Vero clone CRL 1586,
American Type Culture Collection (Rockville, MD))
cells or Vero cells infected with PUU, PH, SEO, HTN,
and SN viral strains. The noninfected and various in-
fected Vero cells were grown and maintained in Ea-
gle's minimum essential medium (EMEM) supple-
mented with 5% heat-inactivated fetal bovine serum
as previously described.8

Antibodies

The antibodies used in this study are listed in Table 1.
Tissues from all cases were examined by IHC using
the GB04-BF07 monoclonal antibody (MAb).16 Tis-
sues from HPS-confirmed cases were also immunos-
tained using P maniculatus and rabbit polyclonal im-
mune sera. Paraffin-embedded tissues and
e-irradiated (5 x 106 rads) frozen tissues from some
confirmed HPS cases were examined by using non-
hantaviral antibodies listed in Table 1.

Immunohistochemistry

Hantaviral Assays

Four-p sections of tissues placed on Fisher Plus
slides (Fisher Scientific, Pittsburgh, PA) were depar-
affinized and rehydrated in graded alcohol incuba-
tions. For IHC analysis using hantaviral MAbs; tissue
sections were then digested in 0.1 mg/ml Proteinase
K (Boehringer-Mannheim Corporation, Indianapolis,
IN) in 0.6 M Tris (pH 7.5)/0.1% CaCI2 and blocked with
normal rabbit serum. The MAbs were then applied to
tissue sections and allowed to incubate for 90 min-
utes. Optimal dilutions of primary antibody and di-
gestion conditions were determined by a series of
previous titration experiments. This was followed by
sequential application of rabbit anti-mouse link anti-
body, alkaline phosphatase anti-alkaline phos-
phatase (APAAP) complex, and naphthol/fast red
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Table 1. Antibodies Used in this Study

Antibody Working IHC
designation Antigen/target Source dilution procedure

Hantaviral
GB04-BF07 NP/PUU CDC16 1:300 *DA03-AA12 NP/PUU CDC16 1:300 *AA02-BE06 NP/PUU CDC16 1:300 *DC03-AB07 NP/SEO CDC16 1:300
KA06-BA10 NP/SEO CDC16 1:300 *FB03-BC02 G1/SEO CDC16 1:300 *HC02-BDO5 G2/HTN CDC16 1:300
EC02-BDO1 G1/HTN CDC16 1:300
Convalescent HPS sera SNV CDC 1:100 tPM sera SNV CDC 1:50 t
Rabbit polyclonal SNV CDC 1:2000 §Non-hantaviral
JC/70A CD31/endothelial cell Dako 1:25 11Rabbit sera Factor VIII/endothelial cell Dako 1:200 11
L26 CD20/B cells Dako 1:50 *Rabbit sera CD3/T cells Dako 1:50 § 11
KP1 CD68/macrophages & Dako 1:75

granulocytes
DF-Tl CD43/T cells & myeloid Dako 1:25 §FDC1-p Follicular dendritic cells 88 1:40 §
Ki-M 1 P Monocyte/macrophages T89 1:100
MT310 CD4/T helper-inducer Dako 1:15
DK25 CD8iT suppressor-cytotoxic T cells Dako 1:100

CDC = Centers for Disease Control and Prevention; Gl = Glycoprotein 1; G2 = Glycoprotein 2; HPS
NP = Nucleoprotein; PM = Peromyscus maniculatus; PUU = Puumala virus; SEO = Seoul virus.

*Alkaline phosphatase anti-alkaline phosphatase method (APAAP).
tAvidin-biotin complex method (ABC).
tAnti-Peromyscus immunoalkaline phosphatase conjugate.
§Streptavidin alkaline phosphatase method (SAAP).
1Double-labeling method.
mGift from Dr. M.R. Parwaresch, Kiel, Germany.

substrate (Dako Corporation, Carpinteria, CA). Sec-
tions were then counterstained in Meyer's hematoxy-
lin (Fisher Scientific, Pittsburgh, PA) and mounted
with aqueous mounting medium (Signet Laboratories,
Dedham, MA).

Immobilized polyclonal P maniculatus antibody
was localized by using an alkaline phosphatase goat
anti-Peromyscus conjugate (Kirkegaard and Perry
Laboratories Inc., Gaithersburg, MD), followed by
naphthol/fast red incubation.

IHC assays with rabbit sera were performed using
the streptavidin alkaline phosphatase (SAAP) method
(Dako Corporation). Briefly, after being blocked in
normal swine serum, the tissues were incubated with
the primary antibody for 1 hour. Biotinylated swine
anti-rabbit antibodies were then applied followed by
an avidin enzyme complex. Alkaline phosphatase ac-
tivity was detected as described above.

IHC assays with convalescent-phase sera from
HPS patients were performed by the avidin-biotin im-
munoalkaline phosphatase method, using biotiny-
lated anti-human IgG or IgM (Vector Laboratories,
Burlingame, CA) and an avidin-biotin enzyme com-
plex (ABC) method. The specificity of hantaviral his-
tochemical staining was confirmed in all instances by
replacing first antibodies with phosphate-buffered sa-

Hantavirus pulmonary syndrome;

line (PBS) or indifferent antibodies (isotype-identical
murine antibodies and nonimmune sera). As an ad-
ditional negative control, the GB04-BF07 antibody
absorbed with excess hantaviral antigen (SNV cell
culture lysate) was also used. Control tissues in-
cluded infected and noninfected cell lines as well as
nonhantavirus autopsy tissues.

Phenotypical Analysis of Cell Lineages
(Non-Hantaviral Assays)
A series of MAbs and polyclonal sera were used to

identify endothelial cells and the nature of the mono-
nuclear cell infiltrates in paraffin-embedded tissues of
lung, liver, and spleen using the APAAP and SAAP
methods as described above (Table 1). The source of
these antibodies, the dilution, and the IHC procedure
used are described in Table 2. For analysis of CD4
and CD8, the frozen sections were air dried, fixed in
acetone, dried again, and immunostained by using
the APAAP method.

Double-Labeling Techniques
Double IHC labeling, combining immunoperoxi-

dase and immunoalkaline phosphatase, was per-
formed for the following couples of antigens (targets):
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Table 2. Reactivity ofAnti-hantaviral Antibodies with Control Cell Lines and Human Tissues

Monoclonal antibodies Polyclonal antibodies

PUUMALA HANTAAN SEOUL Human
convales- Rabbit

GB04- DA03- AA02- EC02- HC02- KA06- DC03- FB03- cent P. maniculatus Sin
Tissue BF07 AA12 BE06 BDO1 BDO5 BA10 AB07 BC02 Sera Sin Nombre Nombre Normal*

SEO 4+ - - 4+ 4+ 2+ 4+ 2+ 2+ - 1+ -
PUU 4+ 2+ - - - - - - 3+ 3+ focal 3+ -

HTN 2+ - - 4+ 4+ - - - 1+ - 2+ -
PH 4+ - - - - - - - 3+ 3+ 4+ -
SN 4+ - - - - - - - 4+ 4+ 4+ -

Vero
HPS 4+ - - - - - - +/-t 4+ 4+ -
Non-HPS - - - - - - _ _ _t

*Normal rabbit, mouse, and human sera controls.
tHigh background staining.
HTN = Hantaan; HPS = Hantavirus pulmonary syndrome autopsy tissue; Non-HPS Non-hantavirus pulmonary syndrome autopsy tissue;

PH = Prospect Hill; PUU = Puumala; SEO = Seoul; SN = Sin Nombre.
Note: The intensity of staining is expressed on a scale of - to 4+.

CD31/SNV, FVIII/SNV, CD3/CD68, and CD3/Ki-M1P.
Primary antibodies were simultaneously incubated on
the same section. This was followed by incubation
with the respective species-specific link anti-
immunoglobulin and serial application of mouse
APAAP and rabbit peroxidase antiperoxidase (PAP)
reagents. Mouse primary antibodies were then local-
ized by determining the alkaline phosphatase activity,
using naphthol/fast red substrate to obtain red
deposits. Rabbit primary antibody was localized by
incubating the sections in hydrogen peroxide/DAB
to detect peroxidase activity in the form of brown
deposits.

Ultrastructural IHC

Ultrastructural IHC was performed using a postem-
bedded, indirect immunogold technique. Tissues
embedded in LR White resin (London Resin Com-
pany, UK) were sectioned and placed on nickel mesh
grids. Antibodies used included antisera from in-
fected or uninfected P maniculatus(1:50 dilution) and
GB04-BF07 MAb (1 :100 dilution) along with unrelated
mouse MAb and nonimmune sera controls. Dilution
and rinse buffers consisted of 0.01 M PBS, 1% bovine
serum albumin (BSA), 0.2% Tween 20, and 0.1%
Triton-X. Tissues were incubated either at 4 C over-
night or at room temperature for 2 hours with the pri-
mary antibody at the appropriate dilution, rinsed, and
then incubated for 2 hours with goat anti-mouse se-
rum conjugated with 10-nm gold particles. After be-
ing rinsed, sections were stained with 1% osmium
and uranyl acetate.

Serology

Serum or plasma was frozen and stored at -70 C after
separation of the cellular elements by centrifugation.

IgG and IgM enzyme-linked immunosorbent assays
(ELISAs) for SEO and SN viruses are described else-
where.17'18

Briefly, IgG ELISAs were performed by coating
polyvinyl chloride microtiter plates overnight at 4 C
with either a basic buffer detergent extract of SEO
virus-infected Vero cells, further inactivated by 2 x
106 rads from a 60Co source or an Escherichia coli-
expressed SNV nucleocapsid antigen. An uninfected
antigen control was run for each serum. IgM antibod-
ies against SN and SEO viruses were detected
by capturing IgM from serum with goat anti-human
Mu-chain (Tago, Burlingame, CA) adsorbed to the
wells of microtiter plates, and then allowing the cap-
tured IgM to react with viral antigen (sonicated sus-
pensions of infected or uninfected cells, inactivated
with 5 x 1 06 rads from a 60Co source) and measuring
bound antigen by the use of hyperimmune rabbit se-
rum and appropriate enzyme conjugate and sub-
strate. A serum dilution was classified as positive if
optical density was >0.10 units after adjustment for an
appropriate negative antigen. Sera with titers .400
obtained when using SEO or SN virus antigens in
the IgM test were regarded as diagnostic of acute
infection.

Tissue RNA Extraction and Purification,
and Viral RNA Amplification by RT-PCR

RNA extractions and RT-PCR assays were carried out
essentially as described previously.5'19 The RT-PCR
assay consisted of a nested pair of reactions, using
four primers based on M-segment sequence regions
conserved among SN, PH, and PUU viruses. The use
of such nested PCR primers provided extra sensitivity
and specificity. The DNA resulting from the PCR am-
plification was subjected to gel electrophoresis and
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automated thermocycle sequencing analysis. To
avoid generation of infectious aerosols, or cross-
contamination of RNA templates and PCR products,
the following precautions and controls were em-
ployed. Each of the main steps, 1) sample (autopsy
tissue, blot clot, or serum) homogenization and RNA
extraction and purification, 2) RT-PCR assay, and 3)
PCR product electrophoresis and sequence analysis,
was performed in different rooms, using biohazard
containment hoods in biosafety level 3 facilities for
steps 1 and 2. A new pair of disposable gloves was
used for each tissue homogenization, aerosol barrier-
plugged pipette tips were used, and only one sample
tube was open at any given time during all steps.
Several water negative controls from the tissue ho-
mogenization, first-round RT-PCR, and second-round
PCR steps were similarly processed and assayed to
check for possible cross-contamination at each
stage. Authenticity of all PCR products was verified by
nucleotide sequence analysis of the amplified prod-
uct.

Results

Hantaviral IHC Assays

The serological detection of cross-reactive antibod-
ies to known hantaviral antigens suggested that the
unexplained respiratory illness was caused by a pre-
viously unknown hantavirus. To confirm this finding
and to localize the potentially new virus in human tis-
sues, IHC assays for hantaviral antigens in fixed tis-
sues were developed. A battery of hantavirus-
specific MAbs, convalescent-phase human sera from
case patients, and polyclonal antibodies that were
available early during the outbreak were evaluated by
using formalin-fixed, paraffin-embedded, uninfected
and hantavirus-infected cell pellets. Figure 1, A and
B shows the characteristic finely granular staining of
PUU-infected cells with the GB04-BF07 MAb and ab-
sence of staining of the adjacent noninfected human
control tissue. Several MAbs were found to react spe-
cifically with hantaviral antigens in formalin-fixed tis-
sues. Moreover, one of these MAbs (GB04-BF07) was
found to cross-react with major hantaviral serotypes

Figure 1. Jniriniohistocbenical detectiOon of hatntaiiral antigens in
infIected cell lines, uisintg GB04-BFO7M1VIAb anid convalescent-phase se-
inm. (A) Low-power photornicr-ograpb shooing inirnonoiostaininlg of
Ptuu virusinftcted cells using GB04-BF07 MAb. Note absence of
staining of adjacentt nonin?frcted huxman kidniey tissue. (B) Higher-
power magnification of infected cells shooing the characteristic cyto-
plasinic andfinel'l granular deposits of hantai.iral antigetns. (C) Re-
actiont of Pt/U vinrs Viero-infected cells with convalescent-phase
hulniani sera. Note staining of several cells. (APAAP. originial magnifi-
cationis: A, X700; B anid C, X250).
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known before this outbreak (Table 2, Figure 2). The
staining pattern of MAbs was characteristically punc-
tate, except for the MAbs against SEO virus, which
gave more of a diffuse and linear pattern. Human
convalescent-phase sera from patients with the acute
respiratory illness also reacted specifically with

hantavirus-infected cell lines to various degrees
(Table 2, Figure 1C). When tested on human tissues
from the outbreak, hantaviral antigens were detected
in case patients by using the GB04-BF07 MAb that
had been shown to cross-react with all known han-
taviral serotypes. Localization was primarily within the

GB04-BF07
MAb

P. maniculatus
anti-SN

Figure 2. Immunoalkalinephosphatase staining of hantavirus-infected and noninfected cells with different primary antibodies. The cell lines and
antibodies used are indicated. Note reactivity of GB04-BF07 uith all hantaviral strains and intense staining of SNVIinfected cells with P. manicu-
latus sera. Less intense staining is seen with both PH and PUlI, and no stainintg with SEO or H7N virus-infected cells. Abbreviations: SN, Sin Nom-
bre; PH, Prospect Hill; PIC/L, Ptuumala; SEO, Seoul; HTN, Hantaan; Rb Aniti-SN, rabbit anti-serum against SN virus; NMAF, nor,nal motuse ascitic
fluid. (APAAP; original magniificationi X250).

Rb
Anti-SN NMAF

SN

PH

PUU

SEO

HTN

VERO

1.I

A

i

i
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capillary endothelium (Figure 3, A and B). All other
antibodies initially tested, including convalescent-
phase sera, polyclonal antibodies, and all other
hantavirus-specific MAbs, failed to detect any anti-
gens in case patients. The GB04-BF07 MAb, after
absorption with excess hantaviral antigens, failed to
react with tissues from patients with HPS. Immuno-
staining was not observed when isotype-identical
MAbs were used on tissues from HPS patients or
when the GB04-BF07 MAb was tested on tissues from
patients who died of other illnesses (Figure 3, C
and D).

Identification of the deer mouse (P maniculatus) as
the primary rodent reservoir for the new hantavirus2,7
prompted us to use pooled sera from infected P man-
iculatusto study the reaction pattern with control cells
and human tissues and to confirm findings obtained
with the GB04-BF07 MAb. Of the previously known
hantaviral serotypes, the high-titered serum reacted
only with PH and PUU virus-infected cells. The pattern
of immunostaining of tissues from HPS patients was
identical to that observed with GB04-BF07 MAb. No
staining was observed with SEO or HTN viruses or
noninfected Vero cells and non-HPS cases (Table 2,
Figure 2) or when sera from serologically negative
rodents were used.
Once the new hantavirus (SNV) was isolated in cul-

ture, polyclonal rabbit antisera were prepared. The
polyclonal rabbit antisera reacted with tissues from
HPS patients in a pattern similar to that observed with
the GB04-BF07 MAb and the pooled P maniculatus
sera. However, in addition, staining of lymphoreticular
cells was a more prominent finding (see below). The
reaction of GB04-BF07, high-titered P maniculatus
serum, and polyclonal rabbit sera with SNV-infected
cells are shown in Figure 2.

Hantaviral Serology
One hundred and fifty serum samples were tested by
using IgG and IgM ELISAs. Thirty-two specimens
showed evidence of recent infection, three were
equivocal, and the remainder were negative.

Hantaviral RNA Detection

Sixty-one human samples were tested by using the
RT-PCR assay. Positive virus-specific PCR-amplified
DNA bands were visualized from 26 of the tested
samples. In each case, the authenticity of the ampli-
fied products was confirmed by the excision of the
DNA bands from the agarose electrophoresis gels
and by direct nucleotide sequence analysis. All PCR-

positive samples reported here had sequences com-
patible with SNV.

Concordance of IHC, Serology, and PCR
Test Results

Of the 273 patients with unexplained noncardiogenic
pulmonary edema whose specimens were submitted
for hantavirus testing, 43 were diagnosed as HPS on
the basis of results from IHC analysis alone or in com-
bination with serology and/or RT-PCR (Table 3). The
results of the three different assays were virtually in
complete agreement when more than one assay was
performed. Of the 44 patients diagnosed with HPS, all
but one had unequivocal IHC evidence of hantaviral
antigens in their tissues. The one notable exception
was patient 6, whose tissues were severely autolyzed,
making IHC interpretation impossible. Two acute-
phase sera, with weak IgM reactions to homologous
and heterologous hantavirus antigens, were IHC-
positive. One serum sample, with weak IgM reactions
to SEO virus antigens, was not positive by either IHC
or PCR.

Clinical and Pathological Findings
Available clinical and laboratory data from the 44 HPS
patients are summarized in Table 4. Included in this
series of patients were 26 males and 18 females. The
median age was 33.5 years (range 14 to 68 years).
Exposure to rodents was documented for 22 of 42
patients for whom information was available; of these,
19 had evidence of rodents in the home, which could
have brought them into contact with aerosolized virus
shed by rodents. Information about occupation was
available for 35 patients, of whom 10 reported animal-
related employment, including two persons who spe-
cifically worked with rodents. All 42 patients for whom
a clinical history was available reported a prodromal
illness that had been present for a median of 3 days
before medical attention was sought. In 13 patients,
the duration of prodrome was 2 days or less. The me-
dian number of days from disease onset to death was
4 days (2 to 20 days).

Fever and myalgia were the most common symp-
toms reported (Table 5). Notable laboratory data in-
cluded thrombocytopenia with platelet counts of
<150,000 in all patients tested and <50,000 in 22 pa-
tients (54%). Elevated hematocrit levels (>47% fe-
males; >52% males) were reported in 40 (95%) per-
sons tested and neutrophilic leukocytosis with
pronounced left shift was present in 29 of 38 patients
tested (WBC: median = 20,900; range: 3,100 to
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Figure 3. (A, B) Inimtinolocalizationi of bantatiral antigens to pilmnonia ry microvasculature cf anl HPS patient (case 17) unith GB04-BF07MAfAb.
Note/inc punctate staining of capillar nalls. (C) Absence of imninnostaining qf same case usizg isotipe-identical moiirinle control antibody. (D)
Absence of immunonstaining in a non-HPS case u'ith GB04-BF07 A1Ab. (Originial niagnijications: A, x 100; B-D, X250).
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Table 3. Su2mmary ofHantavirus Tests Perfornmed on
273 Cases of Ulnexplained Noncardiogenic
Pulmonary Edema

IHC

HPS-positive cases (N -

+

+

nadequate*

HPS-negative cases (N

Serology PCR

44)

229)

Inadequate*
nadequate*
-t

ND
+

ND+1

ND
ND

ND
+l-

ND
ND
ND

ND
ND

ND
ND

Total
(O/)

24 (55)
6 (14)
9 (20)
2 (5)
1 (2)
1 (2)
1 (2)

26 (11)
85 (37)
102 (45)

7 (3)
4 (2)
4 (2)
1 (0.4)

*Inadequate (autolyzed) tissue for IHC analysis.
tPatient with low-level SEO IgM reaction on several acute sera,

no convalescent sera available for follow-up serology.
ND, Not done.

71,900). Proteinuria (-2+) was seen in 13 of 28 pa-

tients tested. Serum creatinine levels were elevated
(>1.3 for males; >1.2 for females) in 21 of 38 persons
tested. Prolongation of the prothrombin time (PT > 13
s) and the partial thromboplastin time (PTT > 34 s)
was observed in 17 of 21 patients tested. In 8 of 10
patients with prolonged PT and PTTs, fibrin split prod-
uct or D-dimer assays were positive. Fibrinogen lev-
els were available for seven of these patients and
were found to be decreased in two. Despite labora-
tory findings strongly suggesting the occurrence of
disseminated intravascular coagulopathy (DIC) in
eight patients and consistent with DIC in many others,
overt clinical signs of hemorrhage were rarely re-

ported. Arterial blood gas results were reviewed for
21 patients who were intubated and given 100%
supplemental oxygen. Highest P02 levels ranged
from 4.2 to 79 mm Hg (median 52) and coincided with
corresponding PCO2 levels and pH ranging from 25
to 124 mm Hg (median 36) and 6.68 to 7.42 (median
7.22), respectively. Radiographic findings among
these same 21 patients included bilateral pulmonary
infiltrates in all cases and pleural effusions in six
cases. Despite the absence of radiographic evi-
dence for pleural effusion before death, an additional
seven patients were later found to have copious pleu-
ral effusions at postmortem examination.

Multiorgan involvement was noted in all 44 fatal
cases of HPS with variable degrees of generalized
vascular congestion; however, the main histopatho-
logical features were seen primarily in the lung. Vas-
cular thrombi and endothelial cell necrosis were ab-

sent. In fact, morphological changes of endothelium
were uncommon and, when present, consisted of
prominent and swollen endothelial cells. Focal micro-
scopic hemorrhages in various organs were exceed-
ingly rare, and ischemic necrotic lesions, except
those attributed to shock, were not seen.

In most cases (40/44), microscopic examination of
the lung revealed a mild to moderate interstitial pneu-
monitis with variable degrees of congestion, edema,
and mononuclear cell infiltration (Figure 4, A and B).
The cellular infiltrate was composed of a mixture of
small and enlarged mononuclear cells with the ap-
pearance of immunoblasts. Extensive amounts of
edema fluid and fibrin as well as variable numbers of
inflammatory cells were seen within the alveoli. In the
majority of these cases, focal hyaline membranes
were observed. These membranes were poorly
formed in most instances and were primarily com-
posed of condensed fibrin apposed to the alveolar
wall. The contribution of neutrophils to the cellular re-
sponse in these typical cases was minimal. Moreover,
the respiratory epithelium was intact with no evidence
of cellular debris, nuclear fragmentation, or type 11
pneumocyte hyperplasia. Less common histological
features were observed in four HPS cases. In three of
these cases (patients 19, 23, and 36), there were vari-
able degrees of more typical dense-laminated hya-
line membranes and proliferation of reparative type 11
pneumocytes. This was accompanied by severe
edematous and fibroblastic thickening of the alveolar
septa and severe air space disorganization with dis-
tortion of the lung architecture in two of these cases
(Figure 5). These three patients were among only six
patients who survived more than 2 days in the hospital
before death. In a fourth patient (patient 43), there
was a variation in the histological appearance of the
lung among the different blocks and fields examined.
Whereas some fields showed typical HPS histological
features, other areas showed an intense intraalveolar
inflammatory process with large numbers of neutro-
phils, and red blood cells enmeshed in a coagulum
of fibrin. In these areas, the intense purulent inflam-
mation resulted in extensive cellular fragmentation
and destruction of the alveolar septa (Figure 5).
A common finding seen in all the cases examined

was the presence of variable numbers of immuno-
blasts within the red pulp and periarteriolar sheaths of
the spleen, and paracortex and within sinuses of
lymph nodes (Figure 4, C and D). Mononuclear in-
flammatory cells with occasional immunoblasts were
seen in the portal triads of most cases. Clusters of
hypertrophic and hyperplastic Kupffer cells contain-
ing cellular debris were seen filling the hepatic sinu-
soids in a few cases. Bone marrow examination re-
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Table 4. Forty-four Patients with Fatal Hantavirus Pulmonary Syndrome: Available Clinical and Laboratory Data

Age Pro- Days %t
(yr), drome to %

Case sex (days) death Platelets* HCTt WBC Band PMN Lymph Mono Eos Proteinuria Creatinine

64,000
148,000
42,000
93,000
54,000
NA

98,000
25,000
58,000
73,000§
62,000
28,000§
NA

21,000
98,000
1 0,000§
14,000
1 6,000§
24,000
45,000
59,000
1 2,000§
25,000§
28,000
24,000
55,000
13,000
63,000
38,000
52,000
11,000
34,000
102,000
61,000
17,000
61 ,000§
75,000

102,000
38,000
69,000
18,000
18,000
47,000§
NA

58 37.2 521 23
53 10.4 65 24
60 65.3 271 45
56 11.4 10o 53
58 53.4 491) 29
NA NA NA NA
46 3.9 4 58
56 20.7 180 64
49 13.2 5311 34
48 14.1 12 79
48 4.4 26 51
52 3.1 22 49
52 12.6 80
68 31.7 101 68
59 20.3 660 21
58 37.8 34 30
56 23.1 32 52
62 11.6 29T 46
60 30.7 45¶ 19
58 35.5 32 27
56 16.4 70
65 18.9 35 43
53 20.1 31 52
62 20.9 30 50
77 26.1 8 74
70 23.2 37 59
66 71.9 21 T 32
58 10 31T 79
42 41.5 20T 43
60 13.3 11 63
49 28.9 2 63
56 14.3 11W 61
53 50.5 311 55
50 7.4 41 31
67 45 34¶ 45
51 20.3 420 34
61 21.3 15 69
50 7.4 3¶ 83
60 34.6 44 23
62 33.1 NA NA
66 NA NA NA
65 37 251 40
65 29.3 39 49
NA NA NA NA

17
7

17
30
1Ol
NA
32
1311
7
4
19
2411
10
15
6
811
411

2011
1911
30
12
22
1711
12
18
NA
12
1411
14
26
31
10
511

1711
911

1611
16
1311
2111
NA
NA
20
11
NA

0

4
0

7
4
NA
6
0

0

3
2
5

10
4
5
8
4
2
15
8
17
0

0

7
0

NA
12
2
17
0

4
15
7
5
0

4
0

0

2
NA
NA
3
1

NA

0

0

2
0

1
NA
0

0

2
2
2
0

0

1
0

1
0

0

2
3
0

0

0

1
0

NA
0

1
0

0

0

2

0

0

2
0

0

0

NA

NA
3
0

NA

3+
3+

Trace

1+

NA
2+
3+
2+
2+

NA
3+
NA
4+

4+
NA
NA

Trace
Trace
2+
NA
NA
1+
NA
NA
NA
2+
2+
NA

Trace
1+
NA
1+
2+
NA
NA
NA
2+

NA

1.3
0.8
2.5
1.1
1.7
NA
0.7

"Normal"
0.5
0.1
0.9
0.5
NA
0.2
0.5
0.2
1.2
1.8
4.2
2.1
1.7
1.2
0.9
2.4
2.6
1.8
0.9
3.5
2
NA
1.4
1.9
1.4
1.1
1.8
1
1.6
0.9
2.7
NA
NA
1.9
1.2
NA

*Minimum platelet count (mm-3) recorded.
tMaximum hematocrit (%) recorded.
tBand = neutrophilic bands; PMN = polymorphonuclear leukocytes; Lymph = lymphocytes; Mono = monocytes; Eos = eosinophils.
TBand precursors noted.
§These patients had prolonged PTs and PTTs and evidence of fibrin split products (D-dimers).
IlAtypical lymphocytes noted.
NA = not available; WBC = white blood cell count x 103/mm3.

vealed a moderate increase in cellularity with
prominent left-shifted myelopoiesis. A slight increase
in the number of normal-appearing megakaryocytes
and minimal hemaphagocytosis was also seen.

Immunophenotyping of Inflammatory Cells

Characterization of the pulmonary mononuclear cell
infiltrate was undertaken in five HPS patients. In all
five cases, the infiltrate was shown to be composed
mainly of a mixture of T lymphocytes (CD3-positive)
and macrophage/monocytic cells (KP1- and Ki-M 1 P-

positive) (Figure 6). Only rare B lymphocytes (L26-
positive) were noted. When the T-cell subpopulations
in the lung were examined in frozen tissue sections,
the CD4/CD8 ratio varied from 1.2 to 2.

Cellular Targets and IHC Distribution of
SNV Antigens

Immunohistochemical evidence for the presence of
hantaviral antigens was documented in tissues from
all the patients with HPS. In all cases, immunostaining
was observed by using both the GB04-BF07 MAb and

1 33 F
2 21 F
3 19 M
4 58 F
5 21 M
6 31 M
7 22 F
8 34M
9 22 F
10 64 F
11 35 F
12 39 F
13 42 F
14 34 M
15 29 M
16 16 M
17 68 M
18 27 F
19 64 F
20 14 M
21 34 M
22 35 M
23 22 M
24 45 F
25 26 M
26 22 M
27 34 F
28 38 M
29 14 M
30 30 M
31 18 F
32 22 M
33 48 M
34 22 M
35 20 M
36 49 F
37 31 M
38 27 F
39 35 F
40 34M
41 36 M
42 55 M
43 35 M
44 34 F

2
7
2

10
1
2
4
5
1
2
5
7
4
4
3
3
7
2
4
3
5
7
4
3
3
4
5
2
2
3
2
4
2
3
5
3
4
2
2

NA
NA
7
7
3

3
8
3

11
2
3
7
6
2
4
6
9
4
4
3
3
10
3

20
3
5
9

20
3
3
4
6
3
3
4
2
6
3
3
7

19
5
4
2

NA
NA
13
9
4
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Table 5. Frequency ofReported Prodromal Symptoms
for 42 Fatal HPS Cases

Symptom No. (%)

Fever 41 (98)
Myalgias 24 (57)
Vomiting 18 (43)
Weakness/Fatigue 14 (33)
Cough 13 (31)
Diarrhea 12 (29)
Nausea 12 (29)
Shortness of breath 11 (26)
Headache 10(24)
Dizziness 5 (12)
Rhinorrhea 4 (10)
Abdominal pain 3 (7)
Chest pain 3 (7)
Numbness (digits, extremities) 2 (5)

the high-titered polyclonal sera from infected P man-

iculatus. Viral antigen-positive cells were widely dis-
tributed in various tissues examined, including lung,
kidney, heart, spleen, pancreas, lymph node, skeletal
muscle, intestine, adrenal gland, adipose tissue, uri-
nary bladder, and brain (Figures 7 to 9). The appear-

ance of SNV antigens was characteristically finely
granular and seen predominantly within endothelial
cells of capillaries and small vessels. Viral antigens
were rarely detected in endothelial cells of large veins

or arteries. The endothelial cells were clearly identi-
fied by their location and pattern of staining. Double
staining for SNV antigens along with antibodies to ei-
ther FVIII or CD31 confirmed the identity of these SNV
antigen-positive cells as endothelial cells (Figure 10,
A-C). In all cases, the most intense and extensive
endothelial immunostaining of viral antigen was ob-
served in tissue sections from the lung. The antigen-
positive endothelial cells in the lung were usually
abundant, uniformly distributed, and involved most of
the pulmonary microvasculature. In cases in which
tissues from various segments of the lungs were avail-
able for IHC analysis, no variation in the amount or

extent of endothelial immunostaining was seen. In the
few HPS cases with longer survival intervals, lesser
amounts of antigen were detected in both endothelial
cells and macrophages (Figure 7F). The kidneys
showed prominent but less extensive endothelial
presence of SNV antigens. Staining was seen primar-
ily in the interstitial capillaries of the medulla, and to
a lesser degree, in those of the cortex (Figure 8, A and
B). Glomerular endothelial cells also showed focal im-
munostaining (Figure 8C). Staining of tubular epithe-
lial cells was a rare finding.

The amount and extent of endothelial immunostain-
ing was less consistent in other organs, with consid-
erable variation among cases. All heart, spleen,
brain, skeletal muscle, intestinal, and pancreatic tis-
sues examined demonstrated some evidence of
endothelial immunostaining. In the heart, endothelial
staining was mainly in the capillaries of the myocar-

dium (Figure 8D) and varied from focal immunostain-
ing in some cases to diffuse and extensive staining in
others. Occasionally, staining of endothelial cells lin-
ing the endocardium was observed (Figure 8E). In the
spleen, immunostaining was usually observed pri-
marily in sinus lining cells of the red pulp and occa-

sionally in endothelial cells lining central arterioles
and other large vessels (Figure 9A). In lymph nodes,
endothelial staining was mainly seen in the subcap-
sular area. The organ in which evidence of staining
was most difficult to find was the liver. In the majority
of liver specimens examined, only rare sinusoidal lin-
ing cells demonstrated focal positivity (Figure 9B).

High densities of SNV antigens were also observed
in lymphoid follicles of the spleen and, to a lesser
extent, in lymph node follicles (Figure 11, A and B).
The staining was delicate and reticular in nature and
was seen in the majority of spleen tissue specimens
examined. The strongest staining was seen with rab-
bit polyclonal anti-SNV sera. Peromyscus serum gave

moderate staining, and the GB04-BF07 MAb, showed
weaker but definitely positive staining. The topo-
graphical relationship of SNV antigens and follicular
dendritic cells (FDCs) was analyzed in select cases

by immunostaining of serial sections of the spleen
and lymph nodes. Deposits of SNV antigens occurred
in a pattern identical to that of FDC labeling, with the
majority of identifiable FDCs exhibiting SNV staining
(Figure 12, A and B). Viral antigen was also found in
a low percentage of large cells, identified morpho-
logically as macrophages, in the lung, splenic sinu-
soids, and bone marrow (Figures 7 and 1 1). Some of
these cells contained engulfed necrotic debris. In a

few cases, hypertrophic Kupffer cells containing SNV
antigens and phagocytosed debris were seen within
hepatic sinusoids (Figure 1 1 C). Cells with the appear-
ance of lymphocytes were occasionally seen to con-

tain SNV antigens (Figure 7D).

Electron Microscopy and
Immunoelectron Microscopy
EM examination of lung autopsy tissues of HPS
patients showed evidence of interstitial edema with

Figure 4. Photomicrographs showing histopathologicalfeatures in a typical case ofHPS (case 14). (A) Low-pouerphotomicrograph shooing inter-
stitialpneumonitis and intraalveolar edema. (B) Higher magnification showing intraalveolarfibrin deposits and mononuclear cellular infiltrate.
(C, D) Immunoblasts in the periarteriolar sheath of the spleen. Note prominent nuicleoli and high nuclear to cytoplasmic ratio. (Original magnifi-
cations: A, x5o; B and C, x 100; D, X250).
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Figure 5. Photomicrographs showing histopathologicalftatures less commonly seen in cases ofHPS. (A) Case 23. Lunig showeing extensice initersti-
tial anid alveolarfibrosis. Note the increased initerstitial cellularity uitb numerousfibroblasts. (B) Case 36. Photomicrograph shouing patcb}' areas
of alveolar septal thickeninig and prominient hyaline membranes. (C) Case 36. Higher magnification sbouting typical dense laminated hYaline
niiembranes. (D) Case 36. Al/veolar septum shou'ing promintent type IIpneumocyteproliferation. (E) Case 43. Abuidant polymorpbonuclear leiuko-
c}'tes fill alveolar spalcCs wvith focal cdestnrction of alveolar septa. (F) Case 43. Higher-power magnification shooving the intraalveolar exuidate conil-
posed niainly of'polymorphonuclear leukocytes, rced blood cells, and fibrin. (H&E; ortiginal magnffications: A and B, X 50, C, X 100; D, X 158; E,
X50; F, X158).

distorted and slightly thickened basement mem-
branes. Abundant inflammatory cells, some with mor-
phological features of activation, were seen within
capillary lumina, interstitium, and alveoli. The alveolar
spaces also contained dense accumulations of fibrin.
The endothelial cells appeared slightly swollen and
mostly intact. Occasionally, the continuity of the endo-
thelial cells lining the capillaries, as well as the epi-
thelial cells along the basement membranes, was in-
terrupted. It must be noted, however, that the latter
changes were probably a result of postmortem au-
tolysis.

Within the cytoplasm of some pulmonary endothe-
lial cells, typical hantavirus inclusions were observed,
consisting of granular, filamentous, or granulofila-

mentous material.20'21 These inclusions varied in
shape from small and spherical, measuring as little as
0.2 p in diameter, to more oblong inclusions, mea-
suring up to 2.1 p in the longest dimension (Figure 13).
The inclusion bodies were usually seen within the pe-
rinuclear region of the endothelial cell. The viral nature
of these inclusions was confirmed using immunogold
EM with either Peromyscus serum or the GB04-BF07
MAb (Figure 14).

Single hantavirus-like particles were found in a few
endothelial cells within the pulmonary microvascula-
ture. In addition, collections of whole virus-like par-
ticles were found in association with interstitial mac-
rophages in lung autopsy tissue from one of the HPS
patients (Figure 15). These enveloped particles were
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Figure 6. Immunophenotyping of inflammatory cells in lung of an
HPS patient (case 38) by double staining for monocytelmacropbage
and T-cell markers. Note that most cells label with either monocytel
macrophage marker (Ki-M1P+, alkaline-phosphataselred) or T-cell
marker (CD3', peroxidaselbrown). (Original magnification, X 250).

roughly spherical and contained a dense homog-
enous core which filled the particle. The particles
were much more compact than the virus grown in tis-
sue culture,22 averaging only 58 nm. These accumu-

lations of particles within the macrophages were

occasionally associated with phagolysosomes con-

taining fragments of cellular debris.

Discussion
A previously unrecognized hantavirus, SNV, was re-

cently isolated and identified as the cause of an out-
break of a severe respiratory disease in the south-
western United States. Early in this outbreak, the
discovery of a serological link between known han-
taviruses and this new and unexplained syndrome
resembling adult respiratory distress syndrome
(ARDS)2'17 was received with some degree of uncer-

tainty. In spite of our confidence in the validity of the
serological test based on extensive experience with
serological evaluation of hantavirus infections in
countries such as Yugoslavia, Sweden, Korea, and
China,23 these patients resided in a geographical
area with no previously documented hantavirus dis-
ease, manifested a syndrome not previously associ-
ated with hantavirus infection, and had a pattern of
serological reactivity that was not typical of any of the
known hantaviruses. Initially, by examining coded
specimens, we were able to correlate the histopatho-
logical features of fatal cases with serological evi-
dence of hantavirus infection. Although this correla-
tion led to increased confidence of the diagnosis
during the first few days of the laboratory investiga-
tion, additional confirmation was needed to identify
the nature of the hantavirus and establish an etiologi-
cal relationship. Within less than a week, amplification

of genetic sequences from autopsy material and
demonstration of viral antigens in tissues from HPS
patients established a previously unrecognized han-
tavirus as the causative agent.3'5'6

The initial symptoms of HPS in these fatal cases
resemble those previously reported15 and are similar
to the early phases of many other viral diseases. The
abrupt onset of respiratory failure and shock, how-
ever, is an unusual feature that presented a diagnostic
and therapeutic challenge. The duration of the pro-
drome in fatal cases included in this series was typi-
cally about 3 days (median), and 86% of the patients
died within 2 days of hospitalization. All the patients
had the typical hematological findings of thrombocy-
topenia, and most had hemoconcentration (95%) and
neutrophilic leukocytosis with a left shift (76%). This
clinical picture is quite different from that of HFRS due
to HTN virus infection, in which renal failure is com-
mon but pulmonary edema early in infection is un-
usual. Only HFRS patients who died during the later
phase of renal failure typically showed substantial
pulmonary edema.24 HFRS is associated with more
generalized signs of nondependent edema, and the
major focus for fluid transudation is the retroperitoneal
space.24'25 Uncommonly, patients with HFRS caused
by HTN virus presented early with severe pulmonary
edema,26'27 but even in these situations, therapeutic
overhydration may have been a factor.25 Careful ex-
amination of the lungs and chest cavity with CT scan-
ning confirms the regular involvement of the lungs
and pleural cavity in the mild form of HFRS associated
with PUU virus infection.28 Other obvious differences
between HTN virus and SNV infection include the
higher frequency of peripheral signs of vasomotor in-
stability, such as flushing and conjunctival injection,
and hemorrhagic manifestations in HFRS. Hemor-
rhage, at least at the level of petechiae, occurs in at
least one-third of patients with HFRS due to PUU virus,
whereas virtually all patients with HFRS associated
with HTN virus will have petechiae and most will have
severe hemostatic difficulties.29-31 Despite the throm-
bocytopenia, high mortality, and severity of pulmo-
nary compromise associated with HPS, clinical
bleeding was an uncommon finding in our series.
However, there are some marked similarities between
HPS and severe HFRS, including the circulatory sta-
tus (shock with decreased cardiac output, increased
systemic vascular resistance 15.32), leukocytosis,
presence of atypical lymphocytes,33 and the com-
mon feature of lesions with marked permeability in at
least some microvascular beds.
The utility of IHC as a diagnostic modality was es-

tablished by the virtual concordance with results of
the two other laboratory tests for hantavirus infection,
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Figure 8. (A) Case 38. Prominent endothelial staining in interstitial capillaries of the renal medulla. Note absence of tubular staining. Rabbit
anti-SNV serum. (B) Case 28. High-power magnification showing immunostaining of renal interstitial capillaries using immune Peromyscus se-

rum. (C) Case 38. Focal SNV antigens within glomerular endothelial cells. Rabbit anti-SNV serum. (D) Case 38. Staining of several capillaries in
myocardium. GB04-BF07 MAb. (E) Case 38. A rare SAIV antigen-positive endothelial cell lining endocardium is seen (arrow). GB04-BF07 MAb.
(F, G) Case 1 7. SNV antigens within skeletal muscle capillaries as seen in longitudinal (F) and transverse (G) sections. GB04-BF07 mAb. (Original
magnifications: A, xI00; B, X250; C and D, x 158; E-G, X250).

IgM ELISA and RT-PCR, when one or both of the ad-
ditional assays were used. Several antibodies were

initially evaluated for use in IHC assays, and one MAb
was selected because of its broad reactivity in
formalin-fixed tissues. As new reagents were devel-
oped, they were evaluated and used as confirmatory

tools and for research purposes. Hyperimmune rabbit
serum was found to be a valuable component be-
cause of its high specificity and broad reactivity. The
pattern of reactivity of antibodies used in the study, in
particular the Peromyscus maniculatus serum, with
cell lines and human tissues, suggests that SNV is

Figure 7. SNV antigeni-positive cells in lIungs of HPS patients as determined by immunohistochemistry. (A) Case 38. Low-power magnification
showing predominantly endothelial staining in pulmonary microvasciulature. Note, however, staining of at least one intravascular mononuclear
cell(arrow). Rabbit anti-SNVserum. (B) Higher magnification showing fine granular immunostaining ofSNVantigens along capillary walls. Rab-
bit anti-SArVsenum. (C) Case 44. High-power magnification showing SAV antigens within an intravascular mononuclear cell with the appearance
ofa monocyte (arrou)). Immune Peromyscus serum. (D) Case 44. An SNV antigen-positive cell, most likely a lymphocyte, within apulmonary vessel
(arrow). GB04-BF07 MAb. (E) Case 44. SNV antigen-positive intraalveolar macrophages (arrow). GB04-BF07. (F) Case 43. Focal endothelial
staining as seen in an uncommon histologicalform ofHPS (arrou'). GB04-BFO7. (Original magnifications: A, X 158; B-F, X250).
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Figure 9. Imninonostaining of viral antigen in enidotbelial cells in various organis as deteroiioed by ininiiinohistocbeinistr. (A) Spleen ofcase 38.
GB04-BF077 lAb. (B) Liverof case 38. Rabbit anti-SA'ssermm. (C) Braini of case 6. GB04-BF07 MAb. (D) Thyroid of case 11. I,iiininnze Peromyscis
serni (E) Endclometriimiii ofcase 11. GB04-BF07MlAb. (F) Acdrenial qo case 12. GB04-BF07 Ab. (G) Pancreas of case 39. GB04-BF07MfAb. ( H )
Retroperitoneal adipose tissue of case 21. Iiinniiiiie P'erovnyscuis seriim. (Original niagnifications. A, X250, B, x158, C, X250, D, x I58: E-G,
X250, H, x i/5)



Figure 10. Identification of SAV-infrcted endotbelial cells by donble
imninnitostcnining for SAYV'anitigenis (arrous) and endothelial markers
ini HPSpatients. (A anid B) Case 17. Imnmtonostaining of SINVIInntcleo-
capsid proteins (alkalinie phosphatase/red) and Factor VIII (peroxi-
claselbrown) ini long (A) and panicreas (B). (C) Case 38. Donlble-
labeling,for SAT (peroxidaselbrown) andclenidothelial marker CD)31
(alkalinie phosphataselred) in kidney. Aote colocalization oJ viral
proteins aiid endlothelial anztigenis. (Original magnifications: A-C,
X 250).
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most closely related to PH and PUU viruses. This ob-
servation is in agreement with results of the recent
phylogenetic analysis of the SNV genome.5 19,34 The
characterization of the reactivity pattern of hantaviral
monoclonal and polyclonal antibodies on formalin-
fixed tissues will be invaluable in expanded studies of
the spectrum of hantaviral-related illnesses.

Using the large number of cases brought into this
series by a broad surveillance mechanism, we were
able to confirm the basic histopathological features of
the syndrome4'35 and document a wider spectrum of
cases, including some with more severe histological
findings. The most consistent histopathological fea-
tures were observed in the lung and spleen. We con-
sistently found large immunoblasts in the red pulp
and in the periarteriolar lymphocytic sheath of
spleens from HPS patients. In the lungs, the basic
histopathological finding was that of an interstitial
pneumonitis with variable amounts of mononuclear
cell infiltration, congestion, and both interstitial and
intraalveolar edema. Although the pulmonary patho-
logical features seen in typical cases of HPS are simi-
lar to those seen in tissues of most patients who die
in the exudative phase of diffuse alveolar damage
(DAD),36 40 the features are not identical. In typical
HPS cases, hyaline membranes are focal, composed
mainly of fibrin with little cellular debris, and reactive
type 11 pneumocytes and neutrophils are not promi-
nent histological features. However, these differences
may reflect the fact that the earliest stages of DAD are
not commonly seen as autopsy cases and that biop-
sies are not systematically performed in the early
phases of adult respiratory distress syndrome cases.
The changes observed in HPS may thus reflect the
early changes of DAD, with death ensuing before the
typical destructive changes associated with DAD can
occur. Alternatively, the histological changes seen in
HPS may represent a unique pattern of acute lung
injury distinct from DAD. Of interest in this regard is
the finding of more characteristic and typical his-
topathological features of exudative and proliferative
stages of DAD in three HPS patients examined in this
series. The average survival of these three patients
was significantly longer than most patients dying of
HPS, and hence the more destructive changes may
reflect the natural progression of disease. These his-
tological features may also be due to other compli-
cating factors such as oxygen toxicity or secondary
infection 36,41

Although no single pathognomonic lesion was
found that would permit certain histopathological di-
agnosis of SNV infection, the overall pattern of his-
topathological lesions and hematological findings as-
sociated with HPS appears to be distinct from that of
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other diseases.35 However, the differential diagnosis
may be difficult, especially in the context of a wider
histopathological spectrum of HPS than initially sus-

pected, and the presence of some overlapping his-
tological and hematological features in various infec-
tious and noninfectious disease processes. In any

event, it is clear that hematological or pathological
examination is not a substitute for virus-specific di-
agnosis. In areas without full laboratory facilities, the
hematological features of thrombocytopenia,
hemoconcentration, left-shifted neutrophilic leukocy-
tosis, and presence of atypical lymphocytes in pe-

ripheral smears may suggest the diagnosis of HPS
and facilitate early disease recognition and appro-

priate therapy.
In this study, several lines of evidence allowed for

a precise characterization of viral tropism and its con-
sequences. Endothelial cells had a remarkably high
viral load, with hantaviral antigens consistently seen

in capillary endothelial cells in various tissues
throughout the body. The extent of pulmonary endo-
thelial involvement in HPS patients was remarkable,
with hardly any of the cells of the lung microcirculation
remaining uninfected. Despite the presence of exten-
sive hantaviral antigens in endothelial cells, we found
little evidence of endothelial cytopathic effect by light
microscopy. Hantaviruses have been previously
propagated in several endothelial cell lines, and an-

tigen has been detected in vascular endothelia of pa-

tients with fatal HFRS and mice experimentally in-
fected with HTN virus.42-46 Thus, the tropism of SNV
to endothelial cells of HPS patients may not be con-

sidered exceptional, but the extent of involvement of
the pulmonary vasculature was far greater than that
previously seen with other hantaviral syndromes. The
magnitude and extent of pulmonary endothelial in-
volvement in HPS would predict that the terminal
shock syndrome would be most difficult to manage

clinically, and this is the case in fact. Increased vas-

cular permeability is the hallmark of the pathological
events seen in HPS with hemoconcentration and pul-
monary edema. These features may all stem from
endothelial damage and dysfunction, as is thought to
be the case with HFRS. Because pulmonary edema
is an uncommon complication of HFRS, the primary
target organs appear to differ in the two syndromes,
with the retroperitoneal compartment including the
kidneys involved primarily in HFRS and the lungs in
HPS. Although large mononuclear cells with the ap-

pearance of immunoblasts are seen in both HPS and
HFRS, the distribution is different. In HPS, apart from
their presence in lymphoid organs, immunoblasts are

primarily concentrated in the lungs of patients dying
with the disease. This feature has not been reported
to be a prominent finding in lungs of patients with
HFRS. Our preliminary data on the nature of the lym-
phoid infiltrate in lung tissues of a few patients with
HPS have identified the cells to be predominantly a

mixture of T lymphocytes and macrophages. The pro-

portion of T cells expressing the CD8 phenotype was
increased in most patients examined. A recent two-
color flow cytometric study of peripheral blood mono-

nuclear cells in patients with HPS has shown evi-
dence of activation in a significant proportion of
T-cells.35 Similar increases in CD8-positive cells in the
early stages of HFRS have been reported.47,48

In our study of HPS patients, the microvasculature
of kidneys showed appreciable amounts of SNV an-

tigens in the medulla and glomeruli, despite the ab-
sence of significant light-microscopic changes in tu-
bules and glomeruli. This observation may help
explain the occurrence of proteinuria, sometimes
massive, in many of the patients. We were unable to
detect significant amounts of viral antigens in tubular
epithelial cells. In contrast, IHC studies of HFRS pa-

tients and experimental mice infected with HTN virus
have shown abundant amounts of hantaviral antigens
in tubular epithelial cells.44'45'49 This finding has led
to the suggestion that acute renal failure, one of the
primary clinical manifestations of HFRS, may be a re-

sult of direct viral invasion of renal tubules. The ab-
sence of significant tubular staining in HPS patients
may explain why acute renal failure has not been a

predominant finding in HPS patients.
Of interest is the finding of hantaviral proteins,

sometimes extensive, in the microvasculature of car-

diac tissues, despite little histological evidence of tis-
sue damage. Clinical studies have suggested that
myocardial dysfunction may contribute to the severe

shock syndrome observed in HPS patients.15'50 It is
not clear from our study how the magnitude or extent
of involvement of cardiac endothelial cells may con-

tribute to the pathophysiology of the shock syndrome.
Lesser endothelial involvement was present in many
organs, but interestingly, hepatic endothelial cells
were relatively spared. These observations may re-

flect the heterogeneous nature of the microvascula-
ture of various organs.

Figure 11. (A) Case 38. Localization ofSNVantigens in lymphoidfollicle ofspleen. Note the delicate reticularpattern ofstaining. Rabbit anti-SNV
serum. (B) Case 38. Higher magnification. Rabbit anti-SNV serum. (C) Case 38. Hyperplastic antigen-positive Kupffer cells within hepatic sinu-
soids. Rabbit anti-SAV serum. (D) Case 15. Macrophages containing SNVproteins as detected in bone marrow. GB04-BF07 mAb. (Original mag-
nifications: A, x50; B and C, x 158, D, x 250).
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Figure 12. Immunolabeling of a lymphoidfol-
licle in spleen of HPS patient as seen in serial
sections stained with (A) rabbit anti-SNVserum
and (B) FDCl-p. Note similar labeling patterns
in both sections. (Original magnifications: A
and B, X 158).

After endothelial staining, the second main im-
munostaining pattern seen was observed in lymphoid
follicles of spleens and lymph nodes and was not dis-
tinctly associated with individual cells. Immunolabel-
ing experiments demonstrated that this type of stain-
ing within germinal centers was associated with
FDCs. These findings indicate that the network of
FDCs is an important reservoir of SNV antigens. FDCs
are immune accessory cells involved in the process-

ing and presentation of antigens.51 Antibody appears
to be required to localize antigen on FDCs,52 and the
special antigen-trapping role of these cells is mani-
fested by selected surface binding of antigen-
antibody complexes. Possible events leading to a

concentration of hantaviral antigens at this site in-
clude 1) trapping of antigen-antibody complexes in
the expanded meshwork of cell processes (the re-

ticular dendritic pattern of SNV localization is strik-
ingly similar to that described for the deposition of
circulating antigen-antibody complexes in experi-
mental animals and patients infected with human im-
munodeficiency virus53-58); 2) productive viral repli-
cation in the dendritic cells themselves, initiated by

some infected particles, once trapped; and 3) direct
transmission of the virus from mononuclear cells to
FDCs and replication within this site. Whether the
FDC-associated antigens originate exclusively from
extracellular trapping, or whether the virus actually
replicates in FDCs, remains unknown. Other lym-
phoreticular cells that were observed to contain
lesser amounts of hantaviral antigens included mac-
rophages, Kupffer cells, and lymphocytes.

Detection of SNV antigens in particular cell types
does not necessarily indicate viral infection or repli-
cation. Thus, we cannot exclude the possibility that
the immunolocalization of hantaviral antigens might
represent either phagocytosis of extracellular virions
or entrapment. Our ultrastructural observations con-
firmed the infection of endothelial cells and macro-
phages in the lungs of HPS patients. The virus or
virus-like particles we observed in HPS tissues were
infrequent and extremely difficult to identify because
of the considerable degree of pleomorphism and also
the postmortem deterioration of tissues. This obser-
vation is consistent with previous reports pertaining to
the morphological features of hantaviruses in tissue

,Rt.
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Figure 13. Case 38. Typical hantaviral inclusions as seen within the pulmonary microvasculature. (A) High-power magnification of boxed area
in (B) showing a granulofilamentous incltusion within capillary endothelium. (C) Another hantaviral inclusion seen in close proximity to an
endothelial cell nucleus. Inclusions are often associated with the Golgi andlor rough endoplasmic reticulum. BM, basement membrane; NU,
nucleus. (Scacle bars: A and C, 100 nm; B, 1 p).

culture and autopsy tissues.22,59,60 Despite their ap-
pearance, without definitive immunolabeling we pre-
fer to describe these as virus-like particles. On the
other hand, typical hantaviral inclusions were seen
more frequently and their identity was confirmed by
immunolabeling. Similar inclusions have been ob-
served in epithelial cells of patients with HFRS and
are considered to be ultrastructural markers of
hantavirus-infected cells.20 Inclusions are structures

composed of excess viral components that are syn-
thesized by infected cells replicating the virus. Thus,
our finding of inclusions in endothelial cells is con-
sistent with viral replication in this site. Additional
studies employing in situ hybridization are needed to
examine the issue of viral replication in human tissue.
Our EM findings further emphasize the lack of ne-
crosis or overtly visible lesions that can account for
the vascular leak in HPS patients. However, given the
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Figure 14. Case 14. Immunogold-labeling of
hantaviral inclusions seen in pulmonary endo-
thelial cells (A) Low-power view showing accu-
mulation of gold particles over a perinuclear
inclusion (boxed area). (B and C) Higher
power view of inclusions specifically labeledfor
hantavirus proteins using Peromyscus serum.
(Scale bars: A, 1 y; B and C, 100 nm).

remarkable reparative capability of endothelial cells,
we cannot exclude the possibility that transient and
morphologically subtle changes may underlie the
functional impairment. Further EM studies with opti-
mally fixed tissues may be useful in this regard.

Whatever the underlying mechanisms, we can con-
clude that pulmonary edema plays an essential role
in the fatal outcome of infection and that functional
derangement of vascular endothelium appears to be
central to the pathogenesis of HPS. However, it is un-
clear how the shock syndrome in this disease relates
to factors such as viral distribution and immunological
and pharmacological mediators of capillary perme-
ability (Figure 16). Nevertheless, the results reported
here may have important implications for understand-
ing how these factors relate to HPS pathogenesis.

There is considerable diversity and heterogeneity
of the microvasculature tissues. Endothelial cells lin-
ing the pulmonary vessels are functionally different
from those of other vascular beds.61 62 Furthermore,
endothelial cells may be induced to increase the ex-
pression of constitutive molecules or express new
molecules normally absent from resting microvascu-
lature. This process, endothelial activation, is medi-

ated by a variety of chemical mediators and stimuli
and is seen in different diseases.63-8 Our data pro-
vide evidence for compartmentalization of a selective
immune response in the lung in combination with ex-
tremely high levels of viral antigens in the pulmonary
vasculature. Although experimental confirmation is
lacking, this observation suggests that the mecha-
nism of inflammatory cell recruitment in the lungs of
HPS patients is consistent with the principle of spe-
cific attraction and adherence of a selective popula-
tion of inflammatory cells to a specialized activated
endothelium 62,69,70

This study also emphasizes the importance of
macrophages, FDCs, and other cells of the mono-
nuclear phagocytic system in the localization of han-
taviral antigens and particles. Because macrophages
and lymphocytes are the source of a number of active
cytokines, it is possible that these infected cells may
mediate localized inflammatory sequelae as well as
systemic altered immunoregulatory phenomena.
FDCs harbor very little or no Fc receptors, whereas
they express complement receptors at high levels.51
Therefore, the possibility that activation of the
complement system may contribute to viral patho-

POW,
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Figure 15. Case 38. Collection of virus-like
particles in a pulmonaty macrophage. (A)
Interstitial macrophage sbowing virus-like par-
ticles in association with a phagolysosome con-
tainingfragments of cellular debris. (B) Higber
magnification of baxed area showing an accu-
mulation of several virus-like particles, includ-
ing one budding particle (arrow). (Scale bars:
A, I y; B, 100 nm).

genesis remains to be investigated. Immune com-
plexes have been implicated in the pathogenesis of

HFS71-75HFRS.7
In HPS patients, there has been relatively little hem-

orrhage despite significant thrombocytopenia, abnor-
mal clotting functions, and widespread endothelial in-
fection. Thrombocytopenia, in the absence of clinical
manifestations of bleeding, has also been seen in
other viral hemorrhagic fevers.7677 The mecha-
nism(s) of thrombocytopenia in HPS patients is un-
clear. However, the presence of normal or increased
numbers of megakaryocytes in bone marrow, to-
gether with evidence of fibrinolysis, suggests that in-
creased consumption or sequestration are likely
causes. We found no evidence that thrombocytope-
nia may arise from megakaryocyte infection, as has
been observed with some arenaviruses.78 The pos-

sible presence of immune complexes in HPS patients
may cause diminished platelet counts by inducing
platelet aggregation, complement-mediated lysis,
and sequestration by the reticuloendothelial system.
HPS is a prime example of emerging infectious dis-

eases that continue to be recognized in the United
States and elsewhere.79'80 Interagency cooperation
and epidemiological and laboratory readiness al-
lowed for the prompt elucidation of the cause of this
disease and the public health response to the out-
break of HPS in the spring of 1993.81 Although the
initial cases of HPS were recognized in the Four Cor-
ners area, additional cases continue to be identified
in other regions of the United States and Canada.82 84
Evidence for different hantaviral genetic strains and
the spectrum of associated illnesses in North America
continues to evolve.19'85 Several species of rodents
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have been identified as reservoirs for hantaviruses in
the United States.786 Retrospective fatal cases of
HPS have been identified as early as 1983, suggest-
ing that recent environmental and ecological
changes are primarily responsible for the recent rec-
ognition of this new hantavirus and for the occurrence
of the HPS outbreak in the Southwest.4'87 Information
regarding the clinicopathological features of HPS and
the cellular tropism of SNV and its distribution within
human tissues is important for understanding the
pathogenesis of HPS. It is hoped that detailed knowl-
edge of the mechanisms involved in the process of
accumulation of the inflammatory cells and in the de-
velopment of the severe pulmonary edema may lead
to specific forms of therapeutic intervention in HPS
patients.

Note Added in Proof
Hantaviruses are typically named after a distinctive geo-
graphic feature or the locale where that virus was first rec-
ognized. Several names were initially considered for the
newly isolated virus from the recent HPS outbreak in the
southwestern United States. Names including "Four Corners
virus" and "Muerto Canyon virus" have been used in pre-
vious reports. Because of objections and concerns from lo-
cal residents, the name was changed to "Sin Nombre virus"
("virus without a name") after consultation between CDC in-
vestigators and representatives from the local community.
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